Nutrients and oxygen delivered through the vascular system are critical for tumor growth. Without vascular support, tumors cannot grow beyond 1--2 mm^3^. Therefore, angiogenesis, the development of new blood vessels, is a critical process in tumor growth and spread. One way that this process is mediated in cancerous tissues is through regulation by the protein hypoxia-inducible factor-1α (HIF-1α). HIF-1α is known to trigger adaptive responses during low oxygen conditions, thereby transcriptionally activating many genes involved in many aspects of cancer metabolism including angiogenesis, invasion, metastasis, glycolysis, tumor survival, and proliferation[@b1]. In addition, overexpression of HIF-1α has been considered a poor prognostic factor in several different types of malignancies[@b2]. Thus, HIF-1α is considered a promising target for cancer treatment.

HIF-1 is a heterodimeric protein consisting of HIF-1α and HIF-1β subunits. Under hypoxic or low-oxygen conditions, HIF-1α is stabilized and localized into the nucleus where it heterodimerizes with HIF-1β. The HIF-1α/HIF-1β complex recognizes the HIF-responsive elements (HREs) of its target genes and binds to coactivators, such as CBP/p300, to mediate gene expression[@b3]. Oxygen affects HIF-1 activity through proline and asparagine hydroxylation. The hydroxylation of two proline residues (Pro^402^ and Pro^564^) within the oxygen-dependent degradation domain (ODD) of HIF-1α by HIF-prolyl hydroxylases, also termed prolyl hydroxylase domains (PHDs), is required for recognition by the von Hippel-Lindau (VHL) protein. VHL interaction with HIF-1α leads to HIF-1α protein degradation through the ubiquitin-proteasome pathway. In addition, HIF-1α asparagine hydroxylation (Asn^803^) by the protein factor inhibiting HIF-1 (FIH-1) prevents CBP/p300 binding to HIF-1α, thereby blocking transcriptional activations of target genes. These processes by PHDs and FIH-1 require oxygen and 2-oxoglutarate as well as other cofactors such as Fe^2+^ and ascorbate[@b3][@b4]. Therefore, tumors under hypoxic conditions stabilize HIF-1 and promote its transcriptional activities.

Studies have demonstrated the association between copper and angiogenesis. In tumor xenograft models, levels of ceruloplasmin, a serum copper marker, were found to correlate with tumor development and metastatic spread[@b5]. Several other *in vitro* and *in vivo* studies support the theory that copper plays a role in angiogenesis[@b6][@b7]. In humans it has been proposed that cancer may elevate serum copper levels[@b8]. In one study, patients with breast cancer showed higher copper levels than those with benign diseases and those in the control group[@b9]. Several proof-of-concept model studies have supported the angiogenic role of copper. Copper was shown to be required for HIF-1α activation[@b10], induce VEGF expression in cells, and promote wound repair in mice[@b11]. With this in mind, a therapeutic modality to deplete copper levels in tumors may have a potent anti-angiogenic effect on tumor cells and be a novel approach for the treatment of cancer.

Several clinical copper chelators have been developed in the search for the treatments of copper overload disorders such as Wilson's disease. Among the copper chelators, tetrathiomolybdate (TM or ATN-224), trientine and D-penicillamine, have all shown anti-cancer therapeutic potentials, suggesting that copper deprivation is a promising option for cancer treatment. Toxicity from copper deficiency by TM is known to be minimal or can be reversed promptly[@b12]. In a recent phase II study in patients with breast cancer, oral daily doses of TM were administered for up to 2 years[@b13]. TM, as monotherapy or in combination with other treatment modalities, can be useful for the treatment of cancer. Several cell and animal model studies by us[@b14][@b15] and others[@b16][@b17] have found that TM exerts potent anti-cancer effects and improves therapeutic responses to other anti-cancer drugs. Specifically in terms of the effects of TM on tumor angiogenesis, it has been reported that TM is capable of reducing microvessel density in different types of tumors[@b16][@b18]. TM inhibited metastasis induced by tail vein tumor injection[@b19] and has also been shown to inhibit release of several angiogenic factors in cells and to suppress angiogenesis in a rat aortic ring assay[@b16]. Rats treated with TM demonstrate decreased HIF-1α expression[@b20]. However, the molecular mechanism of HIF-1α regulation by TM treatment remains to be determined. This study explores the underlying mechanism by which TM mediates degradation of HIF-1α and identifies a therapeutic advantage for the use of TM in targeting chemo-resistant cancer cells.

Results
=======

Treatment with TM downregulates HIF-1α protein levels and suppresses HIF-target genes
-------------------------------------------------------------------------------------

To assess whether TM treatment suppresses the HIF signaling pathway in gynecologic cancer cells, we first determined the effects of TM on HIF-1α protein levels using immunoblotting in ECC-1 human endometrial cancer cells. TM mediated a dose- and time-dependent reduction of HIF-1α protein levels ([Fig. 1A](#f1){ref-type="fig"}). HIF-1α levels in ECC-1 cells were clearly decreased after TM treatment for 48 h at a concentration as low as 3.3 μM (lower concentrations were not evaluated), under both normoxic and hypoxic (2% O~2~) conditions ([Fig. 1A](#f1){ref-type="fig"} upper). Levels of HIF-1α were markedly decreased within 24 h of TM treatment (10 μM) under normoxic conditions. Under hypoxic conditions, no significant reduction in HIF-1α levels was observed for a 24 h TM incubation; however, after 48 h HIF-1α levels in ECC-1 cells were clearly decreased ([Fig. 1A](#f1){ref-type="fig"} lower). Following these findings of TM effects on levels of HIF-1α in ECC-1 cells, we studied other gynecologic cancer cells and assessed effects of TM treatment on HIF-1α levels. Similar to that seen in ECC-1 cells, TM treatment (30 μM, 24 h) under normoxia effectively reduced the levels of HIF-1α in IGROV-1 and 2008 human ovarian cancer cells ([Fig. 1B](#f1){ref-type="fig"}), suggesting that the effects of TM on levels of HIF-1α are not cell-specific events. Next, in order to evaluate if copper deprivation contributed to the alteration in HIF-1α levels following TM treatment, ECC-1 cells were treated with TM (30 μM, 48 h) in the absence or presence of excess amounts of copper (90 μM), and immunoblotting was carried out against HIF-1α. The TM-mediated decrease in HIF-1α levels was clearly restored by the presence of copper ([Fig. 1C](#f1){ref-type="fig"}), indicating that copper deprivation by TM caused the decrease in HIF-1α levels in ECC-1 cells. Interestingly, other clinical and experimental copper chelating drugs such as trientine, diethyldithiocarbamate, and D-penicillamine did not result in a decrease in HIF-1α levels, even at a three-fold higher concentration than what was used for TM treatment ([Fig. 1D](#f1){ref-type="fig"}). In order to see if TM also affects transcriptional activations of HIF-1α target genes, we conducted real-time PCR to measure mRNA levels after TM treatment. ECC-1 cells exposed to hypoxia (2% O~2~) markedly increased expression of glycolytic genes PDK1 and GLUT1 ([Fig. 2A](#f2){ref-type="fig"}). These HIF-1α-regulated genes in hypoxic ECC-1 cells were clearly suppressed by TM treatment. In addition, the secretion of angiogenic factor VEGF was also decreased in the presence of TM ([Fig. 2B](#f2){ref-type="fig"}).

Treatment with TM causes HIF-1α downregulation in a PHD-dependent manner
------------------------------------------------------------------------

To explore the mechanism by which TM treatment regulates HIF-1α protein levels, we first sought to determine if TM affects the mRNA level of HIF-1α in ECC-1 cells. ECC-1 cells were incubated with or without TM, and HIF-1α mRNA expression was analyzed using real-time PCR. TM (10 μM, 8 h) did not reduce HIF-1α mRNA levels ([Fig. 3A](#f3){ref-type="fig"}), which is consistent with previous findings[@b20]. Next, we examined if TM affects HIF-1α through a PHD-dependent mechanism as PHD plays a crucial role in HIF-1α degradation[@b3]. Fe^2+^ and 2-oxoglutarate are essential for PHD activity and therefore, we blocked PHD activity using either an iron chelator, deferoxamine (DFO), or a 2-oxoglutarate analog, dimethyloxaloylglycine (DMOG), and then assessed their effects on HIF-1α levels with or without TM treatment. The ability of TM to decrease HIF-1α protein levels was partially reduced when cells were co-treated with DFO or DMOG ([Fig. 3B](#f3){ref-type="fig"}), suggesting that TM-mediated downregulation of HIF-1α protein possibly occurs through mechanisms that involve PHD. In order to provide further support for this hypothesis, we employed ECC-1 cells transiently expressing a HIF-1α ∆ODD mutant, in which the oxygen-dependent degradation domain of HIF-1α is deleted, preventing its interactions with PHD and thereby rendering HIF-1α resistant to PHD/VHL-mediated degradation. As shown in [Fig. 3C](#f3){ref-type="fig"}, TM clearly downregulated levels of wild-type HIF-1α, but did not alter levels of HIF-1α ∆ODD, strongly supporting the idea that TM targets HIF-1α through a PHD-dependent mechanism.

TM inhibits mitochondrial complex IV and alters cellular oxygen tension
-----------------------------------------------------------------------

PHD activity is regulated in an oxygen-dependent manner. Mitochondrial respiration consumes the majority of cellular oxygen and thus affects oxygen tension in cells. Alterations in mitochondrial respiration are known to affect PHD activity and HIF-1α protein levels[@b21]. Therefore, we sought to determine if TM causes a change in mitochondrial respiration and oxygen consumption in cells. Complex IV (or cytochrome c oxidase) of the mitochondrial respiratory chain is a copper-dependent enzyme. Thus, TM treatment could alter the activity of complex IV. We found that treatment with TM decreased the activity of complex IV in ECC-1 cells ([Fig. 4A](#f4){ref-type="fig"}). We then considered other cell lines in which TM treatment was found to reduce HIF-1α protein levels. We treated IGROV-1 and 2008 cells with or without TM and analyzed their complex IV activities. Similar to what we observed in ECC-1 cells, complex IV activities in both cell lines were markedly decreased by TM treatment ([Fig. 4B](#f4){ref-type="fig"}). Next, we treated ECC-1 cells with a set of different copper chelators ([Fig. 1D](#f1){ref-type="fig"}) to assess their effects on complex IV activity. Our findings suggested that TM is far more effective at suppressing complex IV activity in ECC-1 cells compared to other copper chelators tested even at a concentration three-fold higher than what was used for TM treatment ([Fig. 4C](#f4){ref-type="fig"}). This observation also correlates well with our observation that the other copper chelators did not downregulate HIF-1α levels ([Fig. 1D](#f1){ref-type="fig"}).

Blockage of the mitochondrial respiration chain has been proposed to increase cellular oxygen availability toward PHD thereby destabilizing HIF-1α protein even under hypoxic conditions[@b22]. To this end, we first tested if TM treatment alters oxygen consumption by ECC-1 cells. Cells were incubated with or without TM, and rates of oxygen consumption were monitored and calculated. As shown in [Fig. 4D](#f4){ref-type="fig"}, oxygen consumption was lower in TM treated ECC-1 cells than in untreated cells. We speculated that the lowered oxygen consumption may increase available cellular oxygen to PHD. To test this hypothesis, we stained for pimonidazole, an oxygen-sensitive probe that has widely been used as a hypoxic marker in *in vitro* and *in vivo* models[@b23]. Pimonidazole is reductively activated to produce immunoreactive protein adducts. Oxygen inhibits the activation of pimonidazole. ECC-1 cells were exposed to hypoxic conditions either in the absence or presence of TM treatment. Following this treatment, cell lysates were collected and subjected to immunoblotting using an antibody against pimonidazole adducts. As shown in [Fig. 4E](#f4){ref-type="fig"}, ECC-1 cells exposed to hypoxia clearly showed the formation of pimonidazole adducts, which were evidently decreased when cells were co-incubated with TM, suggesting that TM increases oxygen concentrations in hypoxic ECC-1 cells. Taken together, our findings suggested that treatment with TM causes HIF-1α protein degradation through inhibition of mitochondrial respiration and subsequent alterations in cellular oxygen tension. Of note, other respiratory inhibitors such as oligomycin (ATP synthase) or sodium azide (complex IV) similarly decreased HIF-1α protein levels in ECC-1 cells ([Suppl. Fig. 1](#S1){ref-type="supplementary-material"}), implicating mitochondrial respiration in HIF-1α regulation in ECC-1 cells.

The production of mitochondrial reactive oxygen species (ROS) is known to cause HIF-1α stabilization. To test if ROS accounts for HIF-1α stability in ECC-1 cells and if TM blocks ROS production, we treated ECC-1 cells with H~2~O~2~ at a concentration (200 μM) found sufficient to increase intracellular ROS levels by flow cytometry after staining with a ROS dye carboxy-H~2~DCFDA. Interestingly, we found that H~2~O~2~ treatment did not upregulate HIF-1α protein levels in ECC-1 cells ([Suppl. Fig. 2A](#S1){ref-type="supplementary-material"}). Furthermore, TM treatment did not suppress cellular ROS levels, but rather enhanced them ([Suppl. Fig. 2B](#S1){ref-type="supplementary-material"}). Next we investigated if TM-induced inhibition of mitochondrial respiration leads to changes in energy pathway utilization. When mitochondrial respiration is limited, cancer cells may rely more on the glycolytic pathway for energy production and thus become sensitive toward therapeutic inhibition of glycolysis. To test this hypothesis, ECC-1 cells were treated with TM and 2-deoxyglucose, a non-metabolizable glucose analog that blocks glycolysis, as a single agent or in combination, and cell populations in each condition were determined. Our data showed that TM can enhance inhibitory effects of 2-deoxyglucose ([Fig. 4F](#f4){ref-type="fig"}), suggesting its therapeutic potential when combined with other therapies including those that target the glycolytic pathway.

TM downregulates HIF-1α independent of AKT signaling pathway
------------------------------------------------------------

Numerous anti-HIF-1α therapeutic strategies have been based on their ability to block HIF-1α protein synthesis[@b1]. However, genetic alterations such as PTEN, a negative regulator of AKT, and PIK3CA, a catalytic subunit of phosphatidylinositol-3-kinase (PI3K), are often found in cancers including endometrial and ovarian cancers. Increased PI3K-AKT-mTOR signaling resulting from these mutations can increase HIF-1α synthesis[@b1] and may render cancer cells resistant to anti-HIF-1α strategies, such as those targeting receptor tyrosine kinases[@b4][@b24]. To gain insight into the role of AKT signaling in HIF-1α regulation in the cell lines used in our study, we incubated ECC-1, IGROV-1, and 2008 cells with AG1478, an EGFR tyrosine kinase inhibitor, and analyzed AKT activation and HIF-1α protein levels. Our data revealed that all three cell lines tested show a decrease in AKT phosphorylation upon EGFR inhibition, which was also accompanied by a reduction in HIF-1α levels ([Fig. 5A](#f5){ref-type="fig"}). To further understand the role of AKT signaling on HIF-1α, we transiently expressed myristoylated AKT and measured levels of HIF-1α protein. Our preliminary study suggested that transfection efficiency of myristoylated AKT was low in ECC-1 cells (data not shown), but was robust in 2008 cells. We found that expression of myristoylated AKT markedly increases HIF-1α protein levels in 2008 cells ([Fig. 5B](#f5){ref-type="fig"}), suggesting that AKT activation in 2008 cells contributes to HIF-1α synthesis. In order to see if AKT signaling is also required for TM-induced downregulation of HIF-1α, we treated 2008 cells with or without TM and evaluated HIF-1α levels and AKT activation. Our data suggested that TM-mediated HIF-1α downregulation was AKT-independent since TM treatment did not decrease AKT phosphorylation in 2008 cells while concurrently suppressing HIF-1α protein levels ([Fig. 5C](#f5){ref-type="fig"}).

Discussion
==========

Angiogenesis plays a pivotal role in tumor growth and metastasis. Numerous studies have provided evidence that TM treatment has anti-cancer and anti-angiogenic potentials[@b14][@b15][@b16][@b17][@b18][@b19]. In this study we sought to explore the underlying mechanisms through which TM inhibits tumor angiogenesis, with special attention to its ability to suppress HIF-1α protein expression. We chose ovarian and endometrial cancer cells as our experimental models, as anti-angiogenic therapies are validated for ovarian cancer treatment. For instance, bevacizumab (an anti-VEGF monoclonal antibody) plus chemotherapy is known to improve clinical outcomes in patients with ovarian cancer[@b25]. In addition, levels of VEGF expression in endometrial cancer were found to be higher than those of benign and atypical hyperplasia tissue[@b26], and increased VEGF levels were associated with poor outcomes in patients with a subtype of endometrial cancer[@b27]. This suggests that strategies to target angiogenesis could be a promising therapeutic option for the treatment of endometrial cancer.

In the current study, we showed that TM inhibits HIF-1α protein accumulation and impairs the activation of its transcriptional targets relating to glucose metabolism and angiogenesis. In search of mechanistic actions of TM in HIF-1α regulation, we found that TM treatment in ECC-1 cells did not appear to affect HIF-1α protein synthesis. However, TM blocked HIF-1α protein accumulation during hypoxia and also partially compromised HIF-1α levels elevated by PHD inhibitors such as DFO and DMOG. Furthermore, protein expression of the HIF-1α ∆ODD mutant that lacked its interactions with PHD, was not affected by TM, while TM clearly downregulated protein expression of wild-type HIF-1α, indicating that PHD plays a crucial role in TM-mediated HIF-1α degradation. To further define these findings, we determined if TM affects mitochondria and PHD-guided oxygen sensing due to the link between mitochondrial respiration, regulation of PHD activity, and HIF-1α stabilization during hypoxia. An elegant study by Hagen *et al.*[@b22] has proposed that the inhibition of mitochondrial respiration using nitric oxide, an endogenous complex IV inhibitor, or other respiratory inhibitors shifts intracellular oxygen availability toward PHD, thereby destabilizing HIF-1α protein. In this study, we observed that TM treatment clearly inhibits the activity of complex IV in the ovarian and endometrial cancer cells used in our study, which also correlated with a reduction in HIF-1α levels. In addition, TM markedly lowered cellular oxygen consumption, which possibly led to an increase in oxygen availability for PHD. Finally, pimonidazole staining indicated that oxygen concentrations in cells elevate after TM treatment. Together, our data suggested that TM mediates HIF-1α degradation through mitochondrial inhibition.

It is possible that alterations in cellular ROS levels may affect HIF-1α stability during TM treatment. The seminal study by Chandel *et al.*[@b28] has proposed that generation of mitochondrial ROS plays a crucial role in cellular response to hypoxia. ROS may deplete cellular Fe^2+^, which is required for PHD activity, through its oxidation into Fe^3+^, thereby inactivating PHD protein and leading to the stabilization of HIF-1α[@b29]. To this end, we treated cells with H~2~O~2~ at concentrations sufficient to elevate cellular ROS levels, yet failed to stabilize HIF-1α. We cannot rule out the possibility that TM also affects HIF-1 transcriptional activation because copper deprivation is known to reduce HIF-1α binding to HRE and to inhibit formation of HIF-1 transcriptional complex with p300[@b10].

Targeting HIF-1 has gained attention as an attractive target for cancer therapy over the past several years. A number of different approaches have been proposed to inhibit HIF-1 by targeting different steps of HIF-1 regulation, including HIF-1α mRNA expression, HIF-1α protein synthesis, maintenance of HIF-1α protein stability, HIF-1α/HIF-1β dimerization, HIF-1 DNA binding, and HIF-1 transactivation. An overview of those inhibitors is provided in a recent review[@b4]. Many of these small molecule inhibitors are known to target HIF-1α protein synthesis by blocking mTOR signaling or receptor tyrosine kinases such as EGFR, HER2, and BCR/ABL, thereby blocking downstream mTOR indirectly. However, oncogenic alterations of PTEN and PIK3CA are often found in ovarian and endometrial cancers. For instance, PTEN mutation is the most common genetic lesion, found in up to 83% of endometrioid endometrial cancers[@b30]. PIK3CA mutation was also reported in 36% of endometrial carcinomas[@b31]. These mutations may lead to an increase in mTOR activity and thus HIF-1α protein synthesis, which may render cancer cells resistant to anti-HIF-1α therapies that affect upstream regulators of HIF-1α synthesis, such as those targeting receptor tyrosine kinases. In this paper, we evaluated a proof-of-concept experimental cell model to simulate such mutations by enhancing AKT activity. An increase in AKT signaling indeed elevated HIF-1α levels. Conversely, TM mediated HIF-1α degradation through a mechanism independent of AKT deactivation, suggesting that TM may provide a therapeutic advantage to bypass the intervening mutations in those therapy-resistant tumors.

It has been known for decades that many tumors can produce energy through glycolysis, even in the presence of an adequate oxygen supply, known as the Warburg effect. However, oxidative phosphorylation was shown to contribute to about 65--95% of total ATP production in many cancer cells, in particular up to 95% in ovarian and uterine cancer[@b32]. Inhibition of the mitochondrial respiratory chain has been proposed as a mechanistic target of several anti-cancer compounds[@b33][@b34]. BAY 87--2243, a potent HIF-1 inhibitor in phase I clinical trial, is known to inhibit mitochondrial complex I[@b35]. Likewise, the biguanide class drug metformin that is one of the most widely used for patients with Type 2 diabetes is known to target complex I[@b33]. Accumulating evidence suggests that metformin may have therapeutic potential for cancer treatment. Many retrospective clinical studies found that metformin decreases cancer risk in diabetic patients[@b33]. Metformin regulates the AMPK/mTOR pathway, possibly through complex I inhibition, interferes with energy metabolism and protein synthesis, and inhibits cancer growth[@b33]. Although metformin inhibits HIF-1 activation[@b36], this drug is also known to inhibit AKT signaling[@b37]. To this end, treatment with TM may provide several different benefits over metformin treatment. In this study, TM-mediated HIF-1α inhibition is independent of AKT-deactivation. TM inhibits complex IV, which is the rate-determining enzyme of the mitochondrial respiration chain and thus a key site for cellular energy production[@b38]. Also, cancer cells may require more copper than normal cells[@b39][@b40]. A recent study by Ishida *et al.*[@b40] demonstrated that mice fed with elevated amounts of copper display an increase in tumor growth, which was impaired by copper deprivation with TM. Importantly, they also found that tumors in TM-treated mice showed a decrease in complex IV activity, supporting the translational potential of our findings.

It is interesting that TM was more effective in inhibiting complex IV activity in ECC-1 cells than other copper chelators. The stability constants for trientine and DEDTC toward Cu^2+^ are known to be higher (20.4 and 14.9 respectively) than that of TM (8.0), while that of D-pen is comparable (7.1)[@b41]. TM, unlike D-pen, is considered a membrane-permeable chelator[@b42], possibly more effective in targeting cellular cuproenzymes directly. However, DEDTC, which is also cell-permeable, did not inhibit complex IV in our study[@b43]. It is known that DEDTC binds to other metals such as zinc. To this end, future studies will be needed to determine selectivity toward different metals and/or metalloenzymes and their stabilities as well as relative permeability of each chelator. It would be intriguing to see if TM is more effective in targeting cellular cuproenzymes directly. We cannot rule out the possibility that long-term copper deprivation with other chelators could affect complex IV activity as evidenced in neuroblastoma cell culture using trientine[@b44]. In conclusion, due to our findings and those of the aforementioned studies, further studies involving xenograft models of ovarian and endometrial cancers are warranted to evaluate *in vivo* efficacy of TM and to investigate the interplay between complex IV and HIF-1α following TM therapy.

Materials
=========

Cell lines, cell culture and reagents
-------------------------------------

ECC-1 (RPMI-1640) and IGROV-1 (DMEM) cell lines were purchased from the American Type Culture Collection. 2008 (RPMI-1640) was kindly provided by Dr. François X. Claret (University of Texas M. D. Anderson Cancer Center). Cells were cultured in media (specified in parentheses), supplemented with 10% fetal calf serum, penicillin (100 units/mL), and streptomycin (100 μg/mL) and maintained at 37 °C with 5% CO~2~ in a humidified incubator. Hypoxia (2% O~2~) was generated using the ProOx controller (model C21, BioSpherix) with the help of N~2~ and CO~2~ infusion gases, in a sealed and humidified chamber and maintained at 5% CO~2~ and 37 °C. Reagents and antibodies were purchased as follows: All the chemicals were purchased from Sigma Aldrich unless otherwise stated; carboxy-H~2~DCFDA (Life technologies); AG1478, p-AKT (Ser473) and AKT (Cell Signaling Technology); β-actin (Santa Cruz Biotechnology); HIF-1α (Novus Biologicals); Pimonidazole and its MAb1 (NPI). Human VEGF Quantikine ELISA Kit was purchased from R&D Systems and used for detection of VEGF secretion following manufacturer's recommendations.

Quantitative real-time PCR
--------------------------

Cells were lysed and total RNA was isolated using Trizol reagent (Invitrogen). Reverse transcription was performed using SuperScript III First-Strand Synthesis System (Invitrogen), both following the manufacturer's recommendations. Quantitative real-time PCR was carried out using Taqman Gene Expression Master Mix and the following Taqman Gene Expression Assay (Applied Biosystem) containing FAM-labeled probes: GLUT1, Hs00892681_m1; PDK1, Hs01561850_m1; HIF-1α, Hs00153153_m1. An assay targeting β-actin with a VIC-labeled probe (Hs01060665_g1) was used as reference for normalization. Relative gene expression was calculated using the 2^−∆∆CT^ method. Reactions were carried out using the following thermal cycling conditions: 50 °C for 2 minutes and 95 °C for 10 minutes, then 40 cycles of 95 °C for 15 seconds and 60 °C for 1 minute.

Measurement of complex IV activity
----------------------------------

Mitochondrial Complex IV (Human) Activity Assay Kit (Millipore; AAMT004) was used to measure the activity of Complex IV. The assay was conducted following manufacturer's recommendations. Complex IV activity was determined as a reduction in absorbance at 550 nm by calculating the difference between the initial and end value.

Measurement of cell population and ROS
--------------------------------------

ECC-1 cells were treated with or without TM, 2-deoxyglucose, H~2~O~2~ or their combinations at the concentrations and durations as indicated. For cell population studies, we employed sulforhodamine B (SRB) assay. In brief, after the drug treatment was finished, cells were fixed in 10% cold trichloroacetic acid, washed with water, stained with SRB, following the protocol as previously detailed[@b14]. In order to measure cellular ROS levels, we stained cells with a ROS indicator carboxy-H~2~DCFDA dye (Invitrogen). Following the drug treatment cells were washed with PBS and incubated with carboxy-H~2~DCFDA (15 μM) at 37 °C for 20 min. Cells were harvested by trypsinization, resuspended in PBS and analyzed using a FACS Canto flow cytometer with Diva software (BD Biosciences).

Determination of oxygen consumption rate
----------------------------------------

Oxygen consumption rate was measured using the Seahorse XF-96e Flux Analyzer (Seahorse Biosciences, North Billerica, MA). ECC-1 cells were plated at a density of 10,000 cells/well in a Seahorse 96-well cell culture plate and allowed to adhere to the culture plate surface. Cells were washed with Seahorse Assay media, consisting of modified unbuffered DMEM (Seahorse Biosciences, North Billerica, MA, catalog \# 102352-000) containing 10 mM pyruvate and 10 mM glucose. Cells were equilibrated with this assay media at 37 °C and degassed for 30 minutes. Oxygen consumption rate was measured using 3-minute measurement periods over 24 hours. Relative oxygen consumption rates after 12 hours of incubation were graphed for control and TM treated ECC-1 cells.

Immunoblotting
--------------

Cells were transfected with pcDNA3 or pcDNA3-HIF-1α/∆ODD (a kind gift of Dr. Eric Huang; the University of Utah)[@b45] or with a myristoylated AKT expression construct (Myr-AKT; Millipore) or empty vector (pUSEamp). Transient transfection was carried out with lipofectamine 2000 or 3000 (Invitrogen), following the manufacturer's recommendations. Cells were washed with cold-PBS twice and lysed in Cell Lysis Buffer (Cell Signaling Technology) supplemented with 1 mM PMSF. Protein concentration was determined using Bio-Rad DC Protein Assay Kit (BioRad). Protein samples were resolved by NuPAGE Gel system using a 4--12% Tris-Bis gradient gel and MES SDS running buffer (Invitrogen), transferred onto a PVDF membrane (BioRad), blocked with 5% nonfat dry milk (BioRad) in TBS-Tween 20 (0.1%) buffer, and probed against their respective antibodies as indicated in individual experiments. Blots were visualized with ECL Prime Western Blotting Detection Reagents (GE Healthcare). Stripping of blots was performed using OneMinute Advance Western Blot Stripping buffer (GM Biosciences).

Statistical Analysis
--------------------

Data was analyzed using t-test. P \< 0.05 was considered statistically significant.
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![TM mediates downregulation of HIF-1α protein levels.\
(**A**) ECC-1 cells were treated with various concentrations of TM (0, 3.3, 10, 30 μM) for 48 h (top) or treated with 10 μM of TM for different durations (24, 48 h) (bottom) under normoxic or hypoxic (2% O~2~) conditions. (**B**) ECC-1, IGROV-1 and 2008 cells were untreated or treated with TM (30 μM) for 24 h. (**C**) ECC-1 cells were treated with or without TM (30 μM) in the presence or absence of excess Cu^2+^ (90 μM) for 48 h. (**D**) ECC-1 cells were untreated or treated with TM (30 μM) and other copper chelators such as trientine (Trien), diethyldithiocarbamate (DEDTC) and D-penicillamine (D-Pen) at a 3-fold higher concentration (90  μM) under hypoxic conditions for 48 h. Cells exposed to normoxia were included as reference. After finishing each treatment condition, cell lysates were collected and subjected to immunoblotting to determine HIF-1α protein levels. Expression of β-actin served as a loading control.](srep14296-f1){#f1}

![TM treatment suppresses downstream targets of HIF-1α.\
(**A**) ECC-1 cells were cultured under normoxic or hypoxic (2% O~2~) conditions in the presence or absence of TM (30 μM) for 48 h. mRNA expression of HIF-1α target genes (PDK1 and GLUT1) was analyzed using real-time PCR. β-actin was used as reference for normalization. (\*P \< 0.05 versus hypoxic control, *N *= 3) (**B**) ECC-1 cells were treated with or without TM (30 μM) under hypoxic (2% O~2~) conditions for 42 h. Growth media was replenished, collected after 6 h and subjected to VEGF analysis. (\*P \< 0.05 versus control from three independent experiments; Representative data is shown)](srep14296-f2){#f2}

![TM affects HIF-1α in a PHD-dependent manner.\
(**A**) ECC-1 cells were treated with or without TM (0, 10 μM) for 8 h. mRNA expression of HIF-1α was analyzed using real-time PCR. β-actin was used as reference for normalization. (NS = Not significant; P \> 0.1 versus control, *N *= 3) (**B**) ECC-1 cells were untreated or treated with TM (30 μM) in the presence or absence of PHD inhibitors at a range of concentrations for 48 h; deferoxamine (DFO: 0, 17, 50 μM) and dimethyloxaloylglycine (DMOG: 0, 1, 2 mM). HIF-1α protein levels were determined by immunoblotting. β-actin expression served as a loading control. (**C**) ECC-1 cells were transfected with control vector or a construct expressing an HIF-1α mutant (HIF-1α ∆ODD) lacking its interaction with PHD. After 24 h, cells were exposed to TM treatment (0, 10, 30 μM) under normoxic or hypoxic (2% O~2~) conditions for an additional 48 h. Cell lysates were collected and subjected to immunoblotting with HIF-1α antibody.](srep14296-f3){#f3}

![TM treatment suppresses mitochondrial respiration through inhibition of the mitochondrial respiratory chain complex IV.\
(**A**) ECC-1 cells were untreated or treated with TM (30 μM) for the indicated durations (8, 24 h). (**B**) ECC-1, IGROV-1 and 2008 cells were treated with or without TM (30 μM) for 24 h. (**C**) ECC-1 cells were untreated or treated with TM (30 μM) and other copper chelators; Trien, DEDTC and D-Pen at a 3-fold higher concentration for 24 h. After treatment, cells were harvested and subjected to complex IV activity assay ((**A--C)**: \*P \< 0.05 versus untreated control from at least two independent experiments; Representative data is shown, error bars: SD). (**D**) ECC-1 cells were untreated or treated with TM (30 μM), after which oxygen consumption rates were monitored. The data represent the relative values from control and TM treated cells after 12 h incubation (\*P \< 0.05 versus control, *N *= 3, error bars: SEM). (**E**) ECC-1 cells were incubated with or without TM (30 μM) under hypoxic (2% O~2~) conditions for 48 h. Relative oxygen tension in cells was evaluated by immunoblotting with an antibody specific to pimonidazole protein adducts. (**F**) ECC-1 cells were incubated with or without TM (30 μM) for 24 h after which the cells at each condition were exposed to 2-deoxyglucose (0, 11, 22 mM) for an additional 24 h. Cell population was determined using SRB assay as indicated in "Materials". Data represents the mean values relative to each control (\*P \< 0.05 versus 2-DG only, *N *= 6, error bars: SD).](srep14296-f4){#f4}

![Inhibition of PI3K/AKT pathway decreases HIF-1α protein levels and TM mediates AKT-independent HIF-1α downregulation.\
(**A**) ECC-1, IGROV-1 and 2008 cells were treated with or without EGFR tyrosine kinase inhibitor (TKI) AG1478 (5 μM, 18 h) in serum free medium. Cell lysates were collected and subjected to immunoblotting to determine p-AKT, AKT, and HIF-1α protein levels. Expression of β-actin served as a loading control. (**B**,**C**) 2008 cells were transfected with a myristoylated AKT (Myr-AKT) or empty vector for 48 h in 1% FBS medium (**B**) or were treated with or without TM (30 μM) for 24 h incubation under the same culture condition as indicated in (**B**) (**C**). Cell lysates were collected and subjected to immunoblotting against the proteins as indicated.](srep14296-f5){#f5}
